Background & Problem Statement: Over the last few years, new methods that detect construction progress deviations by comparing laser scanning or image-based point clouds with 4D BIM are developed. To create complete as-built models, these methods require the visual sensors to have proper line-of-sight and fieldof-view to building elements. For reporting progress deviations, they also require Building Information Modeling (BIM) and schedule Work-Breakdown-Structure (WBS) with high Level of Development (LoD). While certain logics behind sequences of construction activities can augment 4D BIM with lower LoDs to support making inferences about states of progress under limited visibility, their application in visual monitoring systems has not been explored. Objective: To address this, this paper formalizes an ontology that models construction sequencing rationale such as physical relationships among components. It also presents a classification mechanism that integrates this ontology with BIM to infer states of progress for partially and fully occluded components. Validation: The ontology and classification mechanism are validated using a Charrette test and by presenting their application together with BIM and as-built data on real-world projects. Conclusion: The results demonstrate the effectiveness and generality of the proposed ontology. It also illustrates how the classification mechanism augments 4D BIM at lower LoDs and WBS to enable visual progress assessment for partially and fully occluded BIM elements and provide detailed operational-level progress information.
Introduction 1
Today, time-lapse, close range, or aerial site images and laser scanners are commonly used for producing 2 as-built 3D point clouds for construction progress monitoring. [1] . Once collected, as-built information is progress deviations. The output -typically a color-coded BIM-is used in coordination processes for quick 5 and accurate assessment of work-in-progress (WIP) and root-cause analysis on performance deviations. To 6 streamline the current workflows, there have been research topics [2-9] on automating part of this cycle 7 sual sensor's line-of-sight. For example, fixed objects (i.e., building elements) cause static occlusions and 48 moving objects (e.g., equipment, workers, and temporary structures) cause dynamic occlusions. over, access to the site under construction is often restricted, resulting in certain areas not being scanned.
50
While unmanned aerial vehicles (UAV) equipped with cameras [24, 25] can improve the data collection, To address these needs, this paper builds on classic works on formalizing construction sequencing 71 knowledge and presents 1) an ontology that models construction sequencing rationale necessary for progress 72 monitoring at the operation level, 2) a "classification" mechanism for inferring states of progress based on 73 states of other relevant/visible elements and the sequencing rationale which has been explicitly represented 74 using the proposed ontology, and 3) a formal process that integrates the classification mechanism and on-75 tology with BIM to support reasoning and detailed reporting about states of construction progress when 76 the collected data is incomplete, WBS is at high-level or when BIM is not detailed. In this paper, the 77 investigations and experiments performed to develop each formalization are described. The power and gen-78 erality of these formalizations are also validated by seeking structured feedbacks through Charette test cases 79 from Architecture/Engineering/Construction (AEC) practitioners involved in the design, construction, and 80 management phases of construction projects, and also using prototype software on data from real-world 81 construction projects. 
Motivating Construction Scenarios

84
To better illustrate the need for reasoning states of construction progress under limited visibility, low-
85
LoD BIM, and high-level WBS, this section discusses the existing daily photo collections, 3D point cloud 86 modeling, and 4D BIM from three construction projects. They are three mid-size buildings: a student dining 87 facility (SD) and two student residence halls (RH) ( Figure 5 ). The SD structure is comprised of steel for the 88 gravity and lateral systems and a composite floor system. The foundation system is a mixture of continuous 89 concrete footings under walls and spread footings under the steel columns. The structural system for RH is 90 3 a reinforced concrete frame with masonry and curtain wall exterior. BIMs for these projects are LoD300.
91
WBS is also at high-level and does not contain enough information to enable operation-level tracking of 92 construction progress. Site images were also collected by superintendents and field engineers on a daily 93 basis. These images exhibit many cases of partially and fully occluded elements.
94
Using an image-based 3D reconstruction technique [7] , a number of 3D point cloud models were gener-95 ated for several weeks and these models were brought into alignment with BIMs. These images have limited 96 visibility to many elements. Therefore direct reasoning about their progress is a challenge. BIM from the same viewpoint. Here, the visibility to a concrete footing element is fully occluded from all 101 160 images of this dataset, and direct reasoning about a state of progress for this element is not possible.
102
Nevertheless, as shown in Figure 6c , a column that is supported by this footing is partially visible and its 103 state of progress can be inferred from the image and the point cloud. This supported by constraint between 104 the elements implies that the state of progress in construction of the footing should be "complete" as well. Another example is provided in Figure 7 from the SD project where a concrete wall is covered by by 
136
The second goal of this research is to integrate this formalizing mechanism into vision-based progress 137 monitoring (visual detection methods) for querying geometry and connection information in BIM. The pro-138 posed reasoning mechanism, as an integrated project monitoring system that tracks project information and 139 potentially can be automated and can enhance the project monitoring system using visual data and querying 140 information from BIM. This progress monitoring system will automatically infer states of progress, where 141 the rationale of operation sequences has been explicitly described using the formalized representation of 
Research Methodology for Formalizing Construction Sequencing
151
In this paper, the multi-step iterative methodology of Gruninger and Fox [27] is followed to develop and 152 test the proposed ontology and reasoning mechanism. The multi-step iterative process is divided into four answered, either more classes should be added or current ones should be divided into more distinct classes. These previous works only focus on planning and scheduling, do not consider a model-driven approach 195 to planning or production monitoring, and do not validate the ontologies and logics presented in their work.
196
Also to the best of the authors' knowledge, no mechanism has been built on such ontologies to support 1) 
209
The definition of each class is important along with attributes. A class may start with several character-210 istics that make it unique but through utilization it may be deemed necessary to split the class into separate 
220
• Supported by: A structural connection among elements which act in the gravity direction. Nearly 221 every connection in the structural system of a building can be considered as a supported by relation-222 ship. Beam-to-column connections and foundations supporting masonry walls are the most prevalent.
223
More specific examples are structures with cast in place (CIP) columns that are often connected to 224 and supported by structural concrete foundation walls. These CIP columns form a T-shape from a 225 plan view and are modeled as separate elements (Figure 10b ).
226
Embedded in-An element permanently inside of another. This class has an attribute of structural.
227
Depending on the type of connection, the relationship may be given a structural or non-structural rating.
228
• Structural: An element permanently inside another element which provides structural capacity be- For instance, a relation (e.g., supported by) between a concrete foundation wall and its footing can be used to infer that the footing is completed in case of an occlusion due to backfill. Visual analytics have their 263 own way of dealing with occlusions and this approach will work in addition to further deal with occlusions.
264
This integration with BIM for querying physical relationships among elements is described in the following 265 section.
266
[ 
Implementation in IFC Representation
268
This section presents how the proposed reasoning mechanism can be coded and integrated as part of a 269 model-driven vision-based progress monitoring detection method. The relationships described by the rea-270 soning mechanism can be represented by BIM using the Industry Foundation Classes (IFC) schema [35] .
271
The IFC schema is really important because it has semantic information about various aspects of elements process is and whether it can be applied to a wider range of applications beyond visual progress detection.
301
The repeatability aspect questions whether or not the process can be repeated by different researchers and 302 users under a variety of situations.
303
To do so, the authors created, developed, and utilized a test. A wide range of responses were collected 304 from 21 professionals, who had more than 360 years of combined experience ranging from one to over 40 305 years in the industry and are working or have worked at a variety of projects. Table 2 shows a description 306 of the participants and their expertise. The test was divided into two sections each with a specific objective.
307
The first section contained questions where the participants were asked to identify the relationship among 308 different elements commonly found in a building, using the ontology. The second section contained several 309 images from construction sites and the participants were asked to infer the status of construction progress 310 for occluded elements based on elements visible in the image. Table 3 shows a detailed description of the 311 first section of the test. As seen, in Section A of the form based on the developed ontology of physical 312 relationships, the professionals were asked to define the physical relationships among several examples.
313
The order of the elements provided in the example was not important as the relations were symmetric (e.g.,
314
the relationship between a Beam and Column was assumed to be the same as a Column and Beam).
315
[ The purpose of the second section of the test (See Table 4 ) was to test whether it is reasonable to infer the material that also precluded that the earlier work was no longer accessible, I assumed it was 331 complete. (2) On the other hand, if the view of work was occluded but that work could still be 332 accessed, I assumed that there was not enough information. In short, I assumed that there was 333 no instance in which work was covered and made inaccessible prior to it being completed and 334 100% correct. This made sense to me in the context of this test, but may be erroneous in the 335 real-world environment. As we know, concrete still is occasionally poured into forms in which 336 the rebar is not 100% complete and correct ..."
337
Based on overall feedbacks and as observed in this particular case, the assumptions used in the devel-338 opment of the ontology made sense, yet one key issue is considerations of construction quality which in 339 this case is proposed to have the same importance of the construction progress. As a result, actual progress 340 should not be automatically reported (similar to percent-built-as-planned by Bosché et al. [8] ) unless qual-ity of the finished elements is controlled for compliance against plan, and project specifications. Among all the examples that were provided on Section A of the test, Question 14 as observed in Table 5 346 received the least level of accuracy (i.e., Concrete Masonry Unit (CMU) -Wall Brick Façade). After clari-347 fying the current answer, majority of the users agreed with the selected ontology class. The second section 348 of the test examines whether it is reasonable to infer the status of elements based on the presence of other 349 related ones. The participants were shown images from constructions sites (as shown in Table 4 ) and were ing appears to be advanced and complete, the immediate conclusion is that the columns also 361 are complete. However, the beam could be supported be temporary columns at the ends, the 362 anchor bolts for the columns may not be installed, nuts could be missing and column bracing 363 could not be in place. Until every aspect of the column is completed, it would be negligent to 
Creating a Roadmap based on the Outcome of the Test
397
The ontological model in Figure 14 incorporates all the validated components of the proposed physical The authors also want to emphasize that incorporating the reasoning mechanism can enhance vision- 
439
For both cases, the total numbers of elements, numbers of non-visible elements, and percentages of 440 those non-visible elements are presented in Table 6 . The number of non-visible elements in this table   441 only accounts for the elements that can be inferred by the physical relationships of the proposed ontology.
442
This assumption allows to study the impact of the proposed ontology on vision-based progress monitoring.
443
As can be seen in the table, the percentages of non-visible elements contributing to the overall accuracy As discussed previously, LoD for BIM is also an important aspect of vision-based progress monitoring. 
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